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INVESTIGATION OF THE DRAG OF VARIOUS AXIALLY SYMMETRIC NOSE SHAPES OF FINENESS
RATIO 3 FOR MACH NUMBERS FROM 1.24 TO 74*.

By Epwarp W. PerrkiNs, LELanp H. JoraeNsEN, and Snrox C. Soanrer

SUMMARY

Drag measurements have been made ai zero angle of attack
for a series of fineness ratio 3 nose shapes. The models in-
cluded rvarious theoretically derived minimum drag shapes,
hemispherically blunted cones, and other more common profiles.
Pressure-distribution measurements for a series of hemispheri-
cally blunted cones were also obtained. The Mach number and
Reynolds number ranges of the test were 1.24 to 7.4 and
1.0C10% to 7.6 X10° (based on model length), respectively.

Of the models tested, the paraboloid of revolution had the
least foredrag below a Mach number of 1.5, and the theoretically
minimum drag shape for a given length and diameter based
upon Newton’s impact theory had the least foredrag above a
Mach number of 1.6. The theoretical shapes for minimum
pressure drag for the auxiliary conditions of given length and
diameter or given diameter and volume derived by von Kdrmdn
and by Haack do not have less drag than all other possible
shapes having identical values of the same parameters. No
model had the least foredrag for the complete Mach number
range. Wherever possible, theoretical values of the joredrag
based upon the sum of the theoretical skin-friction drag and the
theoretical wave drag were calculated for comparison with the
experimental results. .

The results for the series of hemispherically blunted cones
have important practical significance since it was found that
the diameter of the hemispherical tip may be fairly large without
markedly increasing the foredrag over that of a sharp pointed
cone of the same fineness ratio. In fact, for a fixed fineness
ratio of 8, the foredrag is reduced somewhat by a small degree
of blunting, although for a fixed cone angle blunting always
increased the drag. An empirical expression, applicable for
free-streamm Mach numbers greater than 2, 8 developed for
caleulating the wave drag of the series of hemaspherically
blunted cones.

INTRODUCTION

The allied problems of predicting the drag of bodies of
revolution and of minimizing the drag by proper shaping of
the body have been the objects of numerous theoretical
investigations. With regard to the problem of predicting
the drag, that part of the drag which has thus far proved

most amenable to theoretical calculation is the wave drag.

For pointed bodies of revolution at Mach numbers sufficiently
high for shock-wave attachment, the wave drag may be
calculated by either perturbation theory or by the method
of characteristics. For highly blunted nose shapes there is
no simple theoretical method for predicting the pressure
distribution and drag. Therefore experimental results have
been relied upon for this information.

The first part of the present investigation is a study of
the pressure distribution and drag of a series of hemispheri-
cally blunted cones. Although it might seem that the use of
such a blunt nose would result in a high drag penalty, pre-
liminary estimates 2 have indicated that the drag of a nose
shape consisting of a hemispherical surface faired into an
expanding conical surface can be less than that of a sharp
cone of the same length-to-diameter ratio. The results of
preliminary estimates of the variation of drag with the ratio
of hemispherical tip diameter to base diameter for fineness
ratio 3 have indicated that a small reduction in drag can be
realized at all supersonic Mach numbers. Perhaps more
important than the reduction in drag is the indication that a
relatively large hemispherical tip can be used without incur-
ring any.drag increase above that of a sharp-nosed cone of
the same fineness ratio. In order to verify these predictions
and to provide quantitative drag data the present investiga-
tion was undertaken.

The second phase of the investigation is a study of mini-
mum drag nose shapes. Most theoretical approaches have
been directed toward the mimimization of the wave drag
only. Von Kfrmén (ref. 1) developed an integral equation
for the wave drag of slender bodies of revolution at moderate
Mach numbers. Using this equation, he derived a minimum
drag nose shape (commonly referred to as the K&rmén ogive)
for a given length and diameter. Subsequently, Haack (ref.
2) and others (refs. 3 and 4) have used the K&rméan integral
equation in developing minimum drag shapes for other
auxiliary conditions, such as given length and volume or
given volume and diameter. Through the use of the Kérmén

3 Thess preliminary estimates were made by summing the experimentally determined wave
drag of the hemispherical nose and the theoretical pressure drag of the conlcal afterbody, as-
suming that the pressure on the surface of the conical afterbody was the same as that fora
gharp cone of the same slope. .

1 Bupersedes NACA Research Memorandum A52H28 by Edward W. Perkins and Leland H. Jorgensen, 1952, and NACA Research Alemorandum A52B13 by 8imon O. Sommer and

James A, Btark, 1952
5265907—680——80
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integral equation as the basis for these derivations, the
apparently unnecessary yet simplifying assumption of
zero slope of the meridian at the base has been imposed.
This restriction is pointed out by Ward in reference 5,
wherein he shows that his'more general expression for wave
drag reduces to that obtained by von Kfrméan for the special
case of a body having zero slope at the base. In a later
paper (ref. 6) Ferrari developed a minimum drag nose shape
for a given length and diameter which has a finite slope of
the meridian at the base. For the high supersonic Mach
number range, minimum drag shapes based upon Newton’s
law of resistance have been derived by Eggers, Resnikoff,
and Dennis (ref. 7). These shapes differ appreciably from
comparable optimum shapes for low supersonic Mach
numbers, although the theoretical optimum shapes in both

instances have blunt noses when the length is fixed and sharp |

noses when the length is allowed to vary.

Due to the basic assumptions in the derivation of the
Kérmén integral equation, it may be expected that the
shapes resulting from the use of this equation are theoretically
optimum from & minimum drag standpoint only for large
fineness ratios and low supersonic Mach numbers. In con-
trast, the shapes resulting from the Newtonian theory may
be expected to be optimum only at high supersonic Mach
numbers. However, for low fineness ratio shapes at moder-
ate Mach numbers, it is impossible to say a priori which of
the theoretically optimum shapes will have the lesser wave
drag, or in fact if either of the theories is capable of predicting
the least-drag profile. One of the purposes of the present
investigation is, therefore, to compare the experimental
drags of these theoretically optimum shapes and of other more
common profiles for an intermediate fineness ratio over a
wide Mach number range. To this end a series of fineness
ratio 3 models of these theoretically optimum shapes have
been tested in the Mach number range from 1.24 to 3.67.

SYMBOLS
L model base area, sq in.
Cp total drag coefficient, m;“‘idmg

Cp,  foredrag coefficient based on base area,
total drag—base drag

gA

C'pr  foredrag coefficient based on volume to the :;: power,

total drag—base drag

gv=r
Cow wave drag coefficient, wave drag
gA

d hemisphere diameter, in.
D model base diameter, in.

o M
K similarity parameter, D )

L model length, in.
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M free-stream Mach number

P pressure coefficient, —?”—;2

P, pitot-pressure coefficient, p,_;y_)

P, cone pressure coefficient, ZL"Q——Q
1'), local static pressure, 1b/sq in.
» free-stream static pressure, lb/sq in.

D¢ pitot total-head pressure,.lb/sq in.

- Do cone static pressure, Ib/sq in.

q free-stream dynamic pressure, % pM? 1b/sq in.
r model loecal radius, in.
R model base radius, in.

Re free-stream Reynolds number based on body length

14 model volume, cu in.

X axial dis;tance from the nose, in.

@ angle of attack, deg

¥ ratio of specific heats of air, taken as 1.40

circumferential angle of hemisphere measured from
the upstream stagnation point, deg

w cone half angle, deg
APPARATUS AND TESTS

The experimental investigation was conducted in three
facilities, the Ames 1- by 3-foot supersonic wind tunnels
No. 1 and No. 2, and the Ames supersonic free-flight wind
tunnel. The two 1- by 3-foot wind tunnels are conventional
tunnels which are equipped with flexible top and bottom
plates for varying the test section Mach number.

For the tests in the supersonic free-flight tunnel the models
were launched from a smooth-bore 20mm gun, and were
supported in the gun by plastic sabots. Separation of the
model from the sabot was achieved by a muzzle constriction
which retarded the sabot and allowed the model to proceed
in free flight through the test section of the wind tunnel.
A more detailed description of this facility is given in refer-
ence 8.

MODELS ,

Sketches of the models tested, including dimensions, speci-
fied parameters, and defining equations, are presented in
figure 1. For the series of hemispherically blunted cones
shown in figure 1(a) the length-to-diameter ratio of 3 is
constant, and the cone angle is decreased as the bluntness
(ratio of hemisphere diameter to base diameter) is increased.
For the series in figure 1(b) the base diameter and cone
angle are constant, and the length decreases with increase in
bluntness. - _
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]

r\)qu

L
Model d
no D « 0
] 0 9°28 | 1.75
i/ 0 g°28' | 0.45
2 075 | 8°52 | I1.75
2f 075 | 8°52' | 0.45
3 150 | 8°15'] 1.75
3f 50 [ 8°15°| 045
4 300 | 6°59' | 1.75
af 300 | 6°59'] 0.45
ap 300 | 6°59"] 2.00
5 500 | 5010} 1.75
5f 500 | 5°10'| 0.45
5p 500 | 5°10'| 2.00
6p 1.000 0 4.00

Note:-4p, 5p, and 6p are pressure distribution models.
Models If through 5/, are free-flight models.

(a)

0=1.75

L
. 5.25
Model d
no 0 é_
| 0] 3.00
7 075 2.81
8 150 2.62
9 300 2.24

(b)
(a) Hemisphere-cone series for constant %:3-
(b) Hemisphere-cone series for constant cone angle.

Tigure 1.—Model profiles. (Dimensions are in inches.)

The family of fineness ratio 3 models defined by the equa-
tion r=R(X/L)" is shown in figure 1(c). For length and
base diameter specified, the profiles of the hypersonic opti-
mum (Newtonian) nose and the nose developed by Ferrari
(vef. 8) can both be very closely approximated by the above
cquation for n=%. (See fig. 2.) Since the ¥-power nose is
a reasonable approximation to these theoretically derived
optimum shapes, it alone has been tested and is referred to
throughout the report as the hypersonic optimum nose.

Fineness ratio 3 models of the minimum drag shapes based
upon the work of von Kdrmdn and subsequently Haack are
shown in figure 1(d). For any two specified* parameters
such as length and diameter, length and volume, or diameter
and volume, these are the theoretical optimum nose
shapes and for convenience have been designated as the
L-D. L-V, and D-V Haack noses. A similar designation has
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,~Model 12
I,'/,-Model I

D=1.75

Mondoel Designation n
1 Cone |
10 Hypersonic opt. 3/4
11 . Paraboloid 1/2
12 1/4 Power 1/4

(c)

~Model 14
, ~Model 13
7/ ~ Model 15

- /_ -D=175
N\

——— 1
| £=525
Model . . Specified
o Designation poramelers c
13 L-0 Haack Lengfh, dia. 0
14 L~V Haack Length, vol. /3
15 0-V Haack Dia, vol. -2/3

(d)
(c) Profile defined by r=R (%)n

R
(d) Haack minimum drag noses defined by r=7—;‘/ ¢—% §in 2+ osin’es

=arc cos (1—-§>-
= L

Figure 1.—Continued.

been used for the circular-are tangent ogive and cone shown
in figure 1(e). The L-V ogive has the same length and
volume as the Z-V Haack model, and the D-V cone has the
same diameter and volume as the D-V Haack model. Also
shown in figure 1(e) is a fineness-ratio-3 ellipsoid.

Except for the pressure-distribution models, all the nose
shapes were constructed of duralumin. The 30- and 50-
percent hemispherically blunted cone pressure-distribution
models (models 4p and 5p) were cast of tin and bismuth, and
the hemisphere-cylinder pressure-distribution model (model
6p) was constructed of steel.

TESTS

Wind tunnels No. 1 and No, 2.—The total drag was meas-
ured by means of & strain-gage balance located in the model
support housing. The base pressure was determined through
the use of a liquid manometer connected to two holes in the
supporting sting at the base of the model. Experimental
values of foredrag were then taken as the difference between
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~--Model 18
~—Model 16
7 ~Model 17

ey
Sz
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D=1.75

D=1.79
(Model 16)

I £=5.25
L=5.906
Model o A
no Designation 15]
16 -V Ogive 2.93
17 O-V Cone 3.38
18 Elhpsord 3
B (e)
(e) Other profiles.
Fiaure 1.—Concluded.
1.0 ////?- o 8 . I '
= // § —‘ - :!r-off opero:!on
. — = ‘.. Air-on operation
NIS P Ee
2°® = N |
3 = 24 T R
g a A" - [ »
5" 57 L-~D Haack, ref. 2 2 /
5 7 —— —— Ferrari, ref. 6 7] a A
A y.or ——-— Hyper. opt., ref.7 | s2
2 L r_(X\34 < -~
_____ /?=(T) 1 é; /
[N T N T D T TN S |
0 l 2 3 4 S5 & 7 8 9 10 B 0 > 3 2 5 5 7 8

Axial coordinate, Li

TF1gure 2.—Comparison of profiles of minimum drag noses for
given length and base diameter.

the measured total drag and base pressure drag. Because
of the operating characteristics of the tunnels, it was not
possible to maintain a constant Reynolds number throughout
the Mach number range of 1.24 to 3.67; however, an attempt
was made to keep the Reynolds number constant for all
models at each Mach number. In the following table the
average Reynolds number (based on model length) and its
limit of variation for all models tested at each Mach number
are listed: ‘
A ReX10-¢ Tunnel No.

.24 242340.14 1

1.4 1.1740.01 1 -
3.14:£0. 20
4.10+0.10
4 1440.12
2.01+0.01
4 00£0.10
4.00:£0.19
3. 45:+0. 07

1. 54
1. 96
1. 99
= 2. 86
3. 06
3. 67

[V VR L U )

The pressure-distribution tests were all made in tunnel No.
2 at Mach numbers of 1.5, 2, 3, and 3.7 and at an average
Reynolds number "of about 4108 Pressure distributions
for the hemisphere-cone pressure models (models 4p, 5p, and
6p) were determined through the use of a liquid manometer
system connected to two rows of orifices along the models
and spaced 180° apart. The models were rotated and a

Mach number, M

Figure 3.—Range of Mach numbera and Reynolds numbers of
tests in the Ames supersonio free flight wind tunnel.

longitudinal pressure distribution at each 30° increment in
circumferential angle was obtained. The resulting pressure
coefficients at each longitudinal station were averaged to
obtain the values presented. ‘

Free-flight wind tunnel.—With no air flow through the
wind tunnel, Mach numbers varied from 1.2 to 4.2, depend-
ing on the model launching velocity. This condition is
referred to as “air off.” Reynolds number varied lincarly
with Mach number from 1.0X10° to 3.3)X10% as shown in
figure 3. With air flow established in the wind tunnel,
referred to as “air on,” the combined velocities of the model
and Mach number 2 air stream, with the reduced speed of
sound in the test section, provided test Mach numbers {from
3.8 to 7.4. . In this region of testing, Reynolds number was
held approximately at 4X10° by controlling test-section
static pressure. In addition, some models were tested at
approximate Reynolds numbers of 310° at Mach number 6.

Drag coefficient was obtained by recording the time-
distance history of the flight of the model with the aid of a
chronograph and four shadowgraph stations at 5-foot inter-
vals along the test section. From these data, deceleration
was computed and converted to drag coeflicient. This
report includes only the data from models which had maxi-
mum observed angles of attack of less than 3°, since larger
angles measurably inereased the drag.
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ANALYSIS OF DATA

REDUCTION OF DATA

All the experimental data have been reduced to coefficient
form and the data from wind tunnels Nos. 1 and 2 have been
corrected for the effects of the small nonuniformities in the
wind-tunnel flow. The free-stream static-pressure variations
in the model-free tunnel have been applied as corrections to
the drag and pressure-distribution data by simple linear
superposition. Corrections due to the effects of stream-
angle variation were well within the limits of accuracy of the
data and have therefore been neglected. No corrections
were necessary for the data obtained in the free-flight tunnel.

PRECISION

The uncertiainty of the experimental data from tunnels
No. 1 and No. 2 was calculated by considering the possible
errors in the individual measurements which entered into
the determination of the stream characteristics, pressure dis-
tributions, and drag. The final uncertainty in & quantity
was taken as the square root of the sum of the squares of the
possible errors in the individual measurements. The
resulting uncertainties in the final quantities are as follows:

Quantity Uncertainty
P 4 0. 004
(% £0. 004
@ +0. 15°

The variation of the free-stream Mach number over the
length of each model tested was less than 40.01 for all
test Mach numbers. The uncertainty in the Mach number
at o given point in the stream is 4-0.003.

The magnitude of the calculated uncertainty in the drag
cocfficient appears rather large relative to the observed
scatter of the data. Drag coefficients for repeated tests
generally agreed within 4+0.002. It is therefore believed
that the drags of models relative to one another are suffi-
ciently accurate for comparative purposes, although the
absolute magnitudes of the drag coefficients for the models
at a particular Mach number may be in error by the magni-
tude of the uncertainty.

Since there are no known systematic errors in the data
from the free-flight tunnel, the accuracy of the results is
indicated by the repeatability of the data. Examination of
these data shows that repeat firings of similar models under
almost identical conditions of Reynolds number and Mach
number yielded results for which the average deviation from
the faired curve was 1 percent and the maximum deviation
was 4 percent.

THEORETICAL CONSIDERATIONS
WAVE DRAG

With the exception of some of the very bluntest models
(models 11, 12, and 18) the wave drag of each model was
either calculated by theoretical methods or was estimated
from existing experimental results. Values for the wave
drag of the cone and the tangent ogive were obtained from
the exact Taylor-Maccoll theory (refs. 9 and 10) and the

method of characteristies (vef. 11), respectively. For the

theoretical optimum nose shapes the second-order theory of
Van Dyke was used. The exact procedure employed in
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using the second-order theory was that given in reference 12,
in which the approximate boundary conditions at the body
surface are used in the calculation of the perturbation
velocities, and the exact pressure relation is used to evaluate
the pressure coefficients.?* The method presented therein is
strictly applicable to sharp-nosed bodies of revolution at
Mach numbers less than that at which the Mach cone be-
comes tangent to the model vertex. Since the theoretical
optimum nose shapes for which the length is fixed (models
10, 13, and 14) have infinite slopes at their vertices (yet
may be considered sharp for most practical purposes), an
approximation to the shape at the vertex was made to
enable use of the theory. The blunt tip was replaced by a
short conical section tangent to the original contour. The
cone angle, and hence the point of tangency, was selected so
that the cone half-angle did not exceed 94 percent of the
Mach angle. In the subsequent integrations for the wave
drag from the resulting pressure distributions, the data were
plotted as rP versus r so that the curves could be smoothly
faired through the origin.

A simple method of estimating the wave drag of the hemi-
spherically blunted conical noses has been suggested. It has
been proposed that the wave drag of the hemispherical tip,
which could be obtained from existing experimental data, be
added to the pressure drag of the conical portion of the nose,
based upon the essumption that the pressure on the conical
surface would be the same as on a pointed cone of the same
slope. Hence, the pressure drag of the conical portion of
the nose could be obtained by exact theory.

The following empirical expression, based upon certain of
the experimental results, is suggested for calculating the wave
drag of the hemispherical tip for Mach numbers of 2 and
greater:

oP
Cp=2 : 1 (1)

where P, is the pitot-pressure coefficient at the tip of the
hemisphere which may be calculated with the aid of Ray-
leigh’s equation. This expression was obtained from the re-
sults of the pressure-distribution tests, and its derivation is
discussed in more detail in the section of the report which is
concerned with the pressure-distribution tests. When this
expression is used for the wave drag coefficient of the hemi-
spherical portion, the expression for the wave drag coefficient
of the complete model for Mach numbers of 2 and greater

becomes
B r o

where P, is the surface pressure coefficient or pressure drag
coefficient (refs. 9 or 10) for a cone of half apex angle w at the
freestream Mach number. An approximate expression for
« which is sufficiently accurate for the drag estimates is

1—@/D)
D) — D) ®)
FOREDRAG

Values of the foredrag have been calculated by the addition
of the estimated or theoretical wave drag and the theoretical

1 In the application of this method a first-order solution Is necessarily obtained.

we tan ™!
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Figure 4.—Concluded.

gkin-friction drag. Since the skin-friction drag for laminar-
boundary-layer flow contributes so little to the foredrag, the
inclusion of the smeall effects of body shape and compressi-
bility on the skin-friction drag was not considered justified.
Therefore, the laminar-skin-friction drag coefficients were cal-
culated by the Blasius formula for flat-plate incompressible
boundary-layer flow (ref. 18). For the estimates of the skin-
friction drag for turbulent-boundary-layer flow, the body
shape effects were neglected, but the effect of compressibility
was evaluated by means of the interpolation formula of ref-
erence 14 which is based upon an extended Frankl and
Voishel analysis.

RESULTS AND DISCUSSION

HEMISPHERICALLY BLUNTED CONES

Pressure distributions.—The pressure-distribution data
obtained for models 4p, 5p, and 6p at Mach numbers
between 1.5 and 3.8 are shown in figure 4. The data are
referred to the free-stream Mach number ahead of the
normal shock wave at the nose of each model. Although
these Mach numbers were approximately the same for each
model, they differed slightly because of the differences in

" positions of the models within the test section. For each

of the models, the pressure coefficient at the nose agrees
with the pitot-pressure coefficient calculated by Rayleigh’s



INVESTIGATION OF THE DRAG OF VARIOUS AXJTALLY SYMMETRIC NOSE SHAPES OF FINENESS RATIO 3

equation and shown for comparison by the dashed lines.
For models 4p and 5p at Mach numbers 1.97 and 1.5 (figs. 4
(2) and 4(b)) the rapid expansion of the flow over the
hemispherical tip is followed by a recompression over the
forward part of the conical portion of the nose. The
pressure on the conical surface recovers to, or almost to,
the theoretical value of the pressure coefficient for a sharp-
nosed cone of the same slope. For a Mach number of 3.1,
the expanding flow on the hemisphere does not reach a
lower pressure than the theoretical surface pressure for a
cone of the same slope as the conical afterbody, and it is
found that the pressure is constant over most of the conical
portion of the nose. From these date it appears that the
assumption made in the drag estimates, namely, that the
pressure over the conical portion of the nose is constant and
equal to the theoretical value for a sharp-nosed cone of the
same slope, is essentially correct for free-stream Mach
numbers of 3 and greater. For Mach numbers less than 3
the average pressure over the conical section is less than
that assumed in the estimates, and hence the estimated
drag contribution from this part of the nose will be too high.

A more detailed study of the pressure distribution over
the hemispherical portion of this type body is available
from the data of figure 4(c). For comparison with these
experimental data, the theoretical incompressible distri-
bution (only part of which is shown for simplicity) and the
distribution predicted by Newtonian theory (ref. 15) are
shown. It isapparent that as the Mach number is increased
the pressure distribution approaches that predicted by
Newtonian theory. In spite of this trend, it is evident
that the distribution would never agree exactly with the
Newtonian because the peak pressure coefficient at the nose
would be somewhat less than the Newtonian value of 2.
An additional factor which has been neglected in the New-
tonian theory is the effect of centrifugal forces which,
although negligible for the lower Mach numbers, would tend
to reduce the theoretical pressure coefficients over the hemi-
sphere in the high Mach number range.

The study of the comparisons of the experimental pressure
distributions for the hemisphere with that predicted by
Newtonian theory (fig. 4(c)) indicates that an empirical
expression for the pressure distribution, which yields reason-
ably accurate values of the wave drag, may be written. The
development of the expression is based upon two experi-
mental results: First, the pressure at the tip of the hemi-
sphere is the stagnation pressure and may be calculated
exactly from the Rayleigh equation. Second, at the high
Mach numbers the subsequent expansion of the flow is
similar to that predicted by Newtonian theory, and the
local pressure differs from the Newtonian value by an
amount which varies approximately as the cosine of the
angle 6. Based upon these observations the following
empirical expression for the pressure distribution on a
hemisphere may be written:

P=2 cos? §— (2—P,) cos 8 @

where P, is the pitot-pressure coefficient at the stagnation
point on the hemisphere. The expression predicts a pres-
sure coefficient that is exact at =0 and agrees with the
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Newtonian value of P=0 at §=90°. It is apparent from
the data of figure 4(c) that, although the resulting pressure
distribution will closely approximate the experimental dis-

- ftribution at high Mach numbers, the predicted pressures

near §=90° will be considerably in error for lower Mach
numbers. However, this should not result in a serious
error in the pressure drag, since the surface slope is small in
this region, and thus the resulting drag contribution is also
small. A simple expression for the wave drag coefficient
of the hemisphere results from this empirical equation for
the pressure distribution. Thus, based upon the maximum
cross-section area;

2P,—1

Values computed from this equation are compared in figure
5 with estimates of the wave drag from total drag measure-

10
| o 1

S - -
by .
E ﬁf
5 s /. © Model 4p |
£ /[ o Mogel sp -
8 Estimated from experiment, ref.16 and 17
o
g 4 7 —-———Empirical formulag, Cﬂpfﬂj%l 4
R=d
Q
3 ok
= 2

° ' 2 3 4 5 6 7 8

_ Moch number, M

Fraure 5.——Vari;1tion of wave drag coefficient with Mach number for
& hemisphere.

ments (refs. 16 and 17) and with the experimental pressure
drag determined from the pressure distributions of figure
4. 'For Mach numbers between 2 and 8 the agreement is
excellent. As would be expected from the pressure-dis-
tribution results, the values from the empirical expression
are too large in the lower Mach number range.

From these data it appears that for the estimates of the
wave drag .of the hemispherically blunted cones, the con-
tribution of the hemispherical tip to the total wave drag at
Mach numbers of 2 and greater may be calculated accurately
with the proposed empirical expression.

Flow fleld.—The recompression of the flow over the up-
stream portion of the conical afterbody, which was noted
previously in the discussion of the pressure distributions, is
associated with the appearance, a short distance downstream
from the bow wave, of an approximately conical shock
wave in the flow field. The schlieren pictures fof model 5
(fig. 6) are typical for all the hemispherically blunted cones
(models 1 through 5) throughout the Mach number range
These pictures show that the intensity of the wave decreases
with increasing Mach number. - At Mach number 3.06 the
wave is no longer evident within the bounds of the schlieren
field. The decrease in intensity of the wave is in accord
with the changes found in the pressure distribution data.



(c) A =1.96

Freure 6.—Schlieren pictures for 50-percent hemispherically blunted
cone, model 5, at various Mach numbers. -

Sagle
(e) Ar=3.87

Figure 6.—Conecluded.

(See fig. 4.) At first glance it might appear that this wavo
could be associated with a region of separated flow on the
hemispherical tip, with subsequent reattachment accom-
panied by a shock wave. However, the schlieren pictures
show no evidence of flow separation. Additionally, it is
apparent from the schlieren pictures that this shock wave
does not extend from the outer flow down to the body
surface but appears to be diffused near the surface. These
observations lead to the speculation that the origin of the
wave must be associated with the transonic or mixed type
of flow which occurs in the vicinity of the nose of the body.
The mechanism by which the compression wave is formed
may be much the same as that discussed in reference 18 for
the two-dimensional flow around a sharp-nosed double-
wedge airfoil section with detached bow wave. Itis believed
that the wave results from & coalescence of weak compres-
sion waves reflected from the body surface. (The existence
of the compression region is confirmed by the pressurc-
distribution data.) These waves apparently originate as
expansion waves from the body surface downstream from
the sonic point. As indicated in the sketch, these expansion
waves which travel along characteristic lines are reflected
from the sonic line and the bow wave as compression waves
which are in turn reflected from the body surface. The
reflection of these wavelets from the body surface occws in
such a manner that they coalesce to form a shock wave,
The dependence of this phenomenon on both the free-
stream Mach number and the inclination of the body surface
just downstream of the point of tangency of the hemisphere
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with the afterbody is demonstrated by the following obser-
vations. For the hemispherically blunted cones, neither
the shock wave nor the region of recompression on the
body surface was found for Mach numbers above 3.06.
The disappearance of this shock wave and region of com-
pression results from the combination of the movement of
the bow wave closer to the body surface and the small up-
stream movement of the sonic point with increasing Mach
number. These changes reduce the extent of the mixed
flow region so that for Mach numbers above approximately
3 most of the compression wavelets reflected from the
sonic line and bow wave are incident upon the body surface
in the expansion region between the sonic point and the
point of tangency of the hemisphere with the afterbody and
hence are canceled. The importance of the inclination of
the body surface in the region of the reflections is indicated
by the fact that, although the pressure-distribution data
for model 6p (fig. 4(c)) show that at the lowest test Mach
number there exists a region of recompression just down-
stream from the juncture of the hemisphere and cylindrical
afterbody, the magnitude of the recompression is very small
and does not result in a secondary shock wave that can be
detected in the schlieren pictures.

Drag.—The variation of drag coefficient with Mach num-
ber for the hemispherically blunted cones of fineness ratio 3
(models 1 through 5) are presented in figure 7. Because of
the differences in test technique, the data from the wind
tunnels and from the free-flight facility are presented sepa-
rately. Since the models vary progressively from the sharp-
nosed cone to the very blunt model with the large hemi-
spherical tip {(d/D=0.5), the variation of the foredrag coeffi-
cient with Mach number (fig. 7(a)) changes progressively
from the familiar variation for a cone (foredrag coefficient
decreases with increasing Mach number) to the variation
characteristic of a hemisphere (fig. 5). Variation with
Mach number of the total drag coefficient (fig. 7(b))* is

4 No attempt has been made to join the air-off data and afr-on dala because of the dif-
ferences in Reynolds number, recovery temperature, and stream turbulence,
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Shock waves

—~--— Sonic line

————— Expansion }Much
Compression} lines

similar for all models in that the drag coefficient continually
decreased with increasing Mach number.

The date from figure 7(a) are replotted in figure 8 to
show the variation of foredrag with nose bluntness at con-
stant Mach numbers and provide comparisons with the
estimated foredrag characteristics. For this series of fine-
ness ratio 3 noses, & small saving in foredrag may be achieved

‘through the use of a hemispherically blunted cone in place

of a sharp cone of the same fineness ratio. Perhaps more
important is the fact that a relatively large increase in
volume over that of a sharp -nosed cone may be realized
without incurring any increase in foredrag. An additional
factor to be considered is that the hemispherical nose pro-
vides an ideal housing for search radar gear. These data
show that with increasing Mach number there is a decrease
in both the degree of blunting which results in minimum
foredrag as well as the meximum blunting allowable such
that the foredrag is not greater than that of the sharp-nosed
cone. These results are in essential agreement with the
preliminary foredrag estimates.

Although the results (fig. 8) show that for this fineness
ratio 3 series of models there is some drag reduction with
increase in bluntness, the magnitude of the possible drag
reduction which is obtainable by this method of blunting
decreases rapidly with increasing fineness ratio. In fact,
there appears to be an upper limit to the fineness ratio for
which this type of blunting will yield any drag reduction.
Some indications of the magnitude of this limiting fineness
ratio which varies with Mach number have been obtained
by comparing the variation with fineness ratio of the esti-
mated wave drag of the d/D=0.075 model-with that of a
cone of the same fineness ratio at Mach numbers of 2 and 3.
These results (fig. 9) indicate that the wave drag of the cone
is less than that of this moderately blunt model for length-
to-diameter ratios in excess of approximately 5.4 and 5.0
at Mach numbers of 2 and 3, respectively. These results
2lso show that the range of nose fineness ratios for which



1240

Re=2.42x108
| Rex314x106 Re=400x108
PoL Ret41axi08 : Re=345x108
8 =T — T T T
8 /D= 500. _
S8 [ :
2% A=
& X
S 238
§ LN = e . 300" ]|
2 & o
b= 29
[T S - I | |
3 o 1 2 P~ 50 =] |
g . o] ] O—t—t—+0-
5 0 y L -.075 <] —
@ O\Q\ Tt
hd 0 i = o) I g
0
(a)
%0 14 18 22 26 30 34 38
Mach number, M
o Re=08Mx 108, gir off |
[ ©  Re=30xI08, air on
3 o 0 Ae=40xI108 agiron -
2 PN\ < & Re=75x108, air on
A [ t
38 S bk aip=500'_|
3 3 [ —~an]
% R
23m A
s ¢ A \\
12356 VR N
28 N R e
$01.230 AN
< TN
o § SN S I
5 o123 AN ] e
s NESW | |
2 N O—1_075
0.2 .
%\ 0
\u\
0.l 38 X A
(b)
0 i 2 3 4 5 6 7 8

Mach number, M
(8) Wind tunnel results.
(b) Free-flight results.
F1aure 7.—Variation of drag coefficient with Mach number for
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hemisphere-cone series, constant 5=&

this type of blunting would be advantageous decreases with
increasing Mach numbers.

It should also be pointed out that the drag penalty asso-
ciated with the use of excessive blunting increases rapidly
with increasing fineness ratio. At a Mach number of about
3.1 the data of the present report (fig. 8) indicate that the
foredrag coefficient of a 20-percent blunt cone is about 0.01

greater than that of the sharp-nosed cone of the same fine-

ness ratio. This increment represents approximately a 12-
percent increase in foredrag and may be compared with the
data of reference 19, wherein it is shown that the same
degree of blunting for a fineness ratio 8 body results in an
increment in wave drag coefficient of 0.053, corresponding
to an increase in pressure drag of more than 300 percent.
The estimated wave drag coefficients for the d/D=0.30
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and 0.50 models at Mach numbers of 3.06 and 1.96 are in
very good agreement with-the wave drag determined from
the pressure distribution models (see fig. 8). Similarly the
agreement between the experimental foredrag and the esti-
mated foredrag based upon the estimated wave drag plus
laminar incompressible skin-friction drag is very good for
Mach numbers 1.96, 3.06, and 3.67. For the tests at these
Mach numbers the schlieren pictures taken during the tests
indicated that the boundary layer was completely laminar
over each of the models. An interesting effect of body shape
upon boundary-layer transition is indicated by the results
of the tests at M=1.44 and 1.24. From the schlieren pictures
and the foredrag data it was evident that turbulent bound-
ary-layer flow existed on part of the conical afterbodies of
the d/D=0.30 and d/D=0.50 bodies for the higher Reynolds
number at M=1.44 and 1.24. In contrast, the boundary-
layer flow was laminar over the entire surface of the cone
for the identical test conditions. It is believed that the
difference between the results for the cone and the blunt
bodies results largely from the effects of the differences in
body pressure distributions. For the cone the pressure is
constant along the surface and therefore neutral insofar as
its effect on the boundary-layer flow is concerned. For both
the blunt bodies at the low Mach numbers, the pressure
gradient in the streamwise direction is positive just down-
stream from the point of tangency of the nose with the
conical section (see fig. 4) and hence tends to thicken the

boundary layer and promote transition. Both the schlieren’

pictures and the force measurements indicate that for the
high Reynolds numbers the boundary layer is turbulent over
a much greater portion of the surface of the blunter of the
two bodies. This result is in agreement with what might be
expected on the basis of the differences in the pressure distri-
butions for the two models. Although the adverse gradients
for both the d/D=0.30 and d/D=0.50 models start at essen-
tially the same longitudinal station along the models, and
initially are of approximately equal magnitude, the adverse
gradient for the blunter model, d/D=0.50, extends over
most of the conical section of the model; whereas the gradient
for the d/D=0.30 model is neutral over most of the conical
section. Hence, it appears reasonable to expect a lower
Reynolds number of transition for the blunter of the two
models. |

For the d/D=0.30 and d/D=0.50 models at Mach numbers
of 1.24 and 1.44, equation (2) yields values of the wave drag
alone which are even greater than the measured foredrags
at the lower Reynolds numbers. This discrepancy is attrib-
uted to the fact that at these Mach numbers the empirical
expression includes too large a value for the wave drag of
the hemispherical portion of these models. (See fig. 5.)
Hence, for the foredrag estimates shown in figure 8 for
Mach numbers 1.24 and 1.44, the lower values of the wave
drag of the hemispherical portion of the models obtained
from experiment (fig. 5) were used. For all other Mach
numbors the empirical expression (eq. (2)) was used. The
estimated foredrag results obtained are in fair agreement
with the experimental data. '

As previously discussed, preliminary estimates and experi-
ment have both shown that a small saving in foredrag may
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be achieved through the use of a hemispherically blunted
cone in place of a sharp cone of the same fineness ratio.
Although this type of blunting can be beneficial, preliminary
estimates have.also indicated that no drag reduction can be
achieved by simply replacing the sharp nose of a given cone
with a hemispherical tip. In this case the cone angle is not
reduced, since the length of the model is reduced instead.
In order to verify these results, tests have been made at
Mach numbers 1.44 and 1.99 for & series of hemispherically
blunted cones, formed by progressively blunting an L/D=3
cone. Both the experimental foredrag results and the esti-
mated values of foredrag are plotted in figure 10. It is evi-
dent from the figure that there is good agreement between
experiment and theory, and that, as expected, there is no
drag reduction due to mere blunting of the parent cone.

THEORETICAL MINIMUM DRAG NOSE SHAPES

Comparison of experimental and theoretical foredrag.—
Comparisons of the experimental and theoretical foredrag
variations with Mach number for the theoretical minimum
drag noses, the /D=3 cone and the L-V ogive, are shown

in figure 11. The theoretical drag calculations have been
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Wave drag
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Fraure 10.—Variation of foredrag coefficient with bluntness for hemi-
sphere-cone series, constant cone angle=18°56’,
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Foredrag coefficient, ¢, Foredrag coefficient,
Or (7]

Foredrag coefficient, Cp.
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limited in most cases to a smaller Mach number range than
that for which experimental results are available. For
Mach numbers less than 1.4 or greater than about 3, the
conical tip approximations to the true body shapes which
would have been necessary for application of the perturba-~
tion theory to the minimum drag shapes were considered
unreasonably large; hence, the second-order theoretical
results were limited to Mach numbers between 1.4 and 3.
In fact, for the I-V Haack nose the theoretical calculations
were limited to Mach number 2.4, as an excessive amount
of conical tip modification would be necessary for the theory
to be applicable at higher Mach numbers. Theoretical esti-
mates of the foredrag have been made by the addition of
flat-plate skin-friction values to the computed wave drag,
the skin friction being calculated for & Reynolds number of
4310% Although some of the experimental data were
taken at lower Reynolds numbers (between 2X10° and
43¢10%, the error introduced by calculation of the skin
friction at one Reynolds number is small and certainly well
within the accuracy of the experimental results. KEither
completely laminar (ref. 13) or completely turbulent (ref.
14) skin-friction drag has been assumed, although the
schlieren pictures indicated that for the tests at Mach num-
bers of 3.06 and 3.67 boundary-layer transition occwrred on
some of the models.

A comparison of the experimental and theoretical foredrag
for the L/D=3 cone has been included in figure 11, since
such a comparison indicates how well the skin-friction drag
may be calculated and also provides an indication of the
accuracy of the other experimental results. For the Rey-
nolds numbers of this investigation, schlieren observations
indicated laminar-boundary-layer flow on the cone at all
Mach numbers. The foredrag of the cone was closely esti-
mated by the addition of the exact Taylor-Maccoll wave
drag and Blasius’ incompressible laminar skin friction.®

In general, good agreement between the experimental and
theoretical foredrag for laminar-boundary-layer flow was
obtained for most of the models at Mach numbers of 1.4
and 2.0. Nevertheless, at Mach number 2 the foredrag of
the Z-D and L-V Haack shapes are overestimated by about
the magnitude of the theoretical laminar-skin-friction drag.
Tor a Mach number of 3 the foredrag of the cone and the
foredrag of the L-D Haack shape are in good agreement with
the theory for laminar-boundary-layer flow. However, the
comparisons indicate that the boundary-layer flow for the
L-V ogive, the D-V Haack shape, and the hypersonic
optimum shape were at least partially turbulent at this
Mach number. At the maximum Mach number (M=3.67)
the experimental foredrag of the L-V ogive exceeds even the
theoretical value for completely turbulent boundary-layer
flow. This same result is also inferred from the comparison
for the D-V model. It is not clear which part of the theoreti-
cal foredrag is at fault, that is, the wave drag or the skin-
friction drag. However, it appears most likely that the
theoretical-skin-friction drag is too small, since considerable

# Tho Handtzche and Wendt transformation of laminar-boundary-layer skin-frictlon drag
of o flat plate to that of a cone was neglected slnce its incluslon would bave increased the
foredrag by only 1 percent.

“tests.
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confidence may be placed in the wave drag value, particularly
for the L-V ogive.®

The date also show that for these particular body shapes,
the first-order theory yields acceptable values of wave drag
for Mach numbers close to 1.4 only. At the higher Mach
numbers, the first-order theory yields results which are too
low.

Although slender-body theory has sometimes been used
to calculate the wave drag of shapes with fineness ratios as
low as these, the wave drag coefficients of 1/9, 1/8, and 1/6
for the I-D, L-V, and D-V Haack shapes (ref. 2), respec-
tively, are too large at all Mach numbers as compared with
the results in figures 11(c), 11(d), and 11(e).

Comparison of foredrag of theoretical minimum drag nose
shapes with foredrag of other nose shapes.—In order to
assess the theoretical minimum drag shapes for the three
auxiliary conditions of given length and diameter, given
length and volume, or given diameter and volume, other
common shapes with identical values of these parameters
have been tested and comparisons of the results are shown
in figure 12. Although the Reynolds number was not con-
stant throughout the Mach number range, it was unchanged
for all the tests at each Mach number. Hence, differences
in foredrag between models compared at a given Mach
number may not be attributed to differences in Reynolds
number.

The foredrag coefficients of the theoretical minimum drag
shapes for a given length and diameter, the L-D Haack nose
(or Kérmén ogive), and the hypersonic optimum nose (3
power and Ferrari shape, see fig. 2) are compared with the
foredrag coefficients of the parabolic nose in figure 12(a).
It is noteworthy that the L-D Haack nose is not the least-
drag shape for any Mach number within the range of the
For the major portion of the Mach number range
(above Mach number 1.5), the hypersonic optimum shape
bas the least foredrag. It is somewhat surprising that an
optimum shape based upon Newtonian impact theory should
have less drag than the L-D Haack nose at these relatively
low supersonic Mach numbers. It is not clear whether this
anomaly results from the restriction of zero slope at the
base which was evidently assumed in the derivation of the
L-D Haack nose, or whether this is a result of the low fine-
ness ratio of the models. To investigate this latter point,
the wave drag coefficients of both the L-D Haack and the
hypersonic optimum shapes were calculated by second-order
theory for fineness ratios of 3, 5, and 7 at a Mach number
of 3. These results (fig. 13) show that the wave drag
coefficient of the “Haack’ shape is the larger for fineness
ratios of 3 and 5. For fineness ratio 7 any difference in
wave drag between the L-D Haack and the hypersonic
optimum shapes is so small as to be within the limits of
uncertainty of the calculations. To provide a better indi-
cation of the combinations of Mach number and fineness
ratio for which the hypersonic optimum nose has less wave

¢ The foredrag values reported herein for the Z-V ogive (L{D=2.93) are about 10 percent
Jower than those reparted In reference 7 for an L{ D=3 oglve, althongh the foredrag resnits for
the cone and hypersonle optimum shapes (figs. 11 (8) and 11 (f)) are in agreement. Even

though the tests have been rerun and the data have been carefully checked, no satisfactory
explanation has, as yet, been found for this difference.
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Figure 12.—Comparison of foredrag of Haack models with other
models having the same two specified parameters.

drag than the L-D Haack nose, the results of all of the
available second-order solutions for these shapes have been
plotted in figure 14. The plot is made in terms of the
hypersonic similarity parameter, K=2A/(L/D), and indi-
cates that for values of K in excess of about 0.4 or 0.5 the
hypersonic optimum shape has the lower wave drag.

The foredrag of the theoretical minimum drag shape for a
given diameter and volume (D-V Haack, model 15) is com-
pared in figure 12(b) with the foredrag of a cone (D-V cone,
model 17) having identical values of diameter and volume.
Except for Mach numbers below about 1.4, the foredrag of
the cone is of the order of 20 percent lower than that of the
theoretical optimum shape. Again, this result may be due
either to the low fineness ratio of the bodies tested or the
failure of the slender-body theory to predict the correct
minimum drag shape for all possible shapes rather than the

3
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5 6

7

Fineness rotio, L/D

Fraure 13.—Variation of wave drag coefficient with fineness ratio for
the theoretical minimum drag nose shapes of specified length and
diameter at Mach number 3.
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Figurs 14.—Variation of wave drag parameter, Cp,, %: with the sim-

larity parameter for the theoretical minimum drag nose shapes of
specified length and diameter.

i
correct minimum drag shape for bodies with zero slope at
the base. In any event, it could be expected that the drag
difference would be much less for higher fineness ratio noses.
The foredrag of the theoretical minimum drag shape for a
given length and volume (I-V Haack, model 14) is com-
pared in figure 12(c) with the foredrag of a circular-arc ogive
(L-V ogive, model 16) having identical values of length and
volume. Since the base areas of these noses differ, the fore-
drag coefficients are based on (volume)?? instead of base
area in order that a direct comparison of the foredrags may
be conveniently made. Over the complete Mach number
range the foredrag coefficient of the Z-V Haack model is
between 8 and 16 percent lower than the foredrag coefficient
of the L-V ogive. For both models the variation of fore-

"drag coefficient with Mach number is similar.
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Foredrag of nose shapes defined by r=R(X/L)*—In ref-
erence 7 foredrag results of fineness ratio 3 models for n=1,
% %, and % are presented for the Mach number range of
2.73 to 5.00 and for length Reynolds numbers betiween
2X10°% and 3108 In the present investigation similar
models have been tested at Mach numbers from 1.24 to
3.67 and Reynolds numbers between 2310 ¢ and 410 8 in
order to extend the Mach number range of available drag
data. The foredrag results of this investigation are pre-
sented in figure 15 and are compared with part of the results
of reference 7, replotted for the overlapping Mach number
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Fraure 16.—Variation of foredrag coefficient with Mach number for
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the family of %=3 nose shapes defined by r=R (%)

range of both investigations. In general, there is good
agreement between the data from both sources, although
there are small differences which may be attributed to vari-
ations in Reynolds number. Both the hypersonic optimum
nose (n=1%) and the conical nose (n=1) show a similar de-
crease in foredrag coefficient with increase in Mach number
over the complete Mach number range. The hypersonic
optimum nose, however, has much the lower foredrag (about
24 percent lower at Mach number 1.24 and 15 percent lower
ot Mach number 3.67). In contrast with the decrease in
the foredrag coefficient with increasing Mach number for
the hypersonic optimum and conical noses, the foredrag co-
efficients for the parabolic and ¥-power noses increase with
increasing Mach number in the lower part of the Mach
number range.

COMPARISON OF FOREDRAG OF ALL THE FORCE MODELS

In figure 16 a comparison of the variation of foredrag
coefficient with Mach number for all the force models tested
is shown. In general, it is seen that for the more blunt
noses (models 5, 12, and 18) the foredrag coefficient increases
with increase in Mach number, while for the other noses the
foredrag coefficient decreases with increase in Mach number
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over most of the range. It is of interest to note that the
ellipsoid (model 18), although showing a large increase in
foredrag coefficient with increase in Mach number to Mach
number 2, has constant foredrag coefficient for Mach num-
bers above 2. 'There is no minimum drag nose for the com-
plete Mach number range, although the hypersonic optimum
nose (model 10) has the least drag for Mach numbers above
1.5. Below Mach number 1.5 the paraboloid (model 11)
has the lowest drag, slightly less than the drag of the L-D
Haack nose (model 13). Of special note is the observation
that many of the nose shapes have less drag than the cone
(model 1), particularly at the lower Mach numbers.

CONCLUSIONS

Drag measurements at zero angle of attack have been
made for various hemispherically blunted cones, theoretical
minimum drag nose shapes, and other more common profiles
of fineness ratio 3. An analysis of the results for a Mach
number range of 1.24 to 7.4 and for Reynolds numbers be-
tween 1.0X10°® and 7.5X10° has led to the following
conclusions:

1. No model had the least foredrag for the complete Mach
number range.

2. Of the models tested the paraboloid of revolution had
the least foredrag below a Mach number of 1.5, and the
hypersonic optimum shape had the least foredrag above a
Mach number of 1.5.

3. The theoretical shapes for minimum pressure drag
derived by von Kérmén and by Haack for given length and
diameter or given diameter and volume do not have less drag
than all other possible shapes having identical values of the
same parameters.

4. For the hemispherically blunted cones of low fineness
ratios (of the order of 3):

a. Small reductions in foredrag may be achieved by
bemispherical blunting (hemisphere diameter ap-
proximately 15 percent of base diameter) if the
fineness.ratio is held constant and, hence, the cone
angle reduced with increased blunting. If the cone
angle is held constant and the fineness ratio reduced,
hemispherical blunting results in increased foredrag.

b. A relatively large hemispherical tip diameter (as
large as 30 percent of the base diameter at Mach
numbers of 1.24 and 1.44) may be used without
increasing the drag above that of a sharp-nosed cone
of the same fineness ratio.

c. For large spherical bluntnesses (nose diameters of the
order of 50 percent of the base diameter) drag
penalties were moderate at Mach numbers less than
1.5 but became severe with increasing Mach number.

d. For Mach numbers of 2 and greater the wave drag
may be accurately estimated by the addition of the
wave drag of the hemispherical tip calculated from
an empirical expression and the wave drag of the
conical portion from Taylor-Maccoll theory.

AnEs AERONAUTICAL LABORATORY,
Narronar Apvisory COMMITTEE FOR AERONAUTICS,
Morrert Fievp, Cavir., Aug. 28, 1962.
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Model No Designation a/0 L/0 Model No Designation Lo
o 1 Hemsphere-Cone, 00C0O 3.00 o~ 10 Hyper. Opt 300
o 2 Hemsphere-Cone, 075 3.00 o 11 Paraboloid 300
o 3 Hemisphere-Cone, 150 3.00 o 12 /4 Power 300
> 4 Henmusphere-Cone, 300 3.00 o 13 (-0 Haack 3.00
» 5 Hemusphere-Cone, 500 3.00 o 14 [-V Haack 3.00
p ¢ Hemusphere-Cone, 075 281 » |15 0-V Haack 3.00
p 8 Hemsphere-Cone, 150 262 y 16 L=V Ogive 293
o 9 Hemisphere-Cone 300 224 y 17 DV Cone 3,28
o 18 Ellipsoid 300
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Fi1aure 16.—Variation of foredrag coefficient with Mach number for all the force models tested.
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